[1] Vector magnetometer observations from the Challenging Minisatellite Payload (CHAMP) satellite are used to determine the solar quiet (Sq) current system during the recent solar minimum. Observations from 2006 to 2008 are combined, and after removal of a main field model and accounting for field-aligned currents, the longitudinal and seasonal variation of the Sq currents are determined through the method of spherical harmonic analysis. Comparison with Sq currents derived from ground-based magnetometers in the African/European longitude sector reveals similar amplitudes and seasonal variations, indicating that the CHAMP observations can reliably determine the Sq current system. The seasonal variation is consistent with prior observations during solar minimum conditions and in the Northern Hemisphere exhibits a primarily annual variation with peak currents during local summer. The seasonal variation in the Southern Hemisphere is characterized by a semiannual variation with the maxima occurring around the equinoxes. Significant longitudinal variations are also observed, and they display a seasonal variability. During Northern Hemisphere summer, the predominant feature at local noon is a wave number 1 variation in longitude. During the remainder of the year, a wave 3 longitudinal structure is observed at this local time. The longitudinal variations are considered to be due to a combination of the orientation and strength of the geomagnetic field as well as the tidal winds in the lower thermosphere. Variations in tidal winds due to nonmigrating tides may influence the dynamo-generated electric fields and currents, resulting in the observed longitudinal variations of the Sq current function. 
Introduction
[2] A common feature of geomagnetic field measurements is the regular daily variation that is clearly observed during geomagnetic quiet time periods. The observed regular daily variations are often referred to as the geomagnetic daily variation or the solar quiet (Sq) variation. Given its prominence, the geomagnetic daily variation has attracted significant attention and been extensively studied. Schuster [1889] performed the first detailed study of the geomagnetic daily variation and determined that the current system responsible for producing the geomagnetic daily variation was primarily of external origin, that is, the currents flow above the Earth in the atmosphere. The current system associated with the geomagnetic daily variation is typically termed the solar quiet (Sq) current system. There are a number of current systems during geomagnetically quiet time periods and these are all part of the Sq current system. Such currents include the equatorial electrojet, field-aligned currents and low-latitude and midlatitude currents that flow in the ionospheric E region. The present study is concerned with the low-latitude and midlatitude current system that primarily flows in the E region and throughout the following when we refer to Sq current system this is the current system to which we are referring. Following Schuster's [1889] initial determination of the Sq current system numerous theoretical, observational, and modeling studies have elucidated the primary source mechanisms for formation of the Sq current system as well as its salient features.
[3] The Sq current system arises due to the ionospheric wind dynamo. This process has been described in detail in many previous works [e.g., Chapman and Bartels, 1940; Matsushita, 1967; Tarpley, 1970; Richmond, 1989] and therefore is only briefly summarized herein. The ionospheric wind dynamo results from the motion of particles, driven by atmospheric winds, across the Earth's magnetic field, producing an electromotive force and establishing currents and elec-tric fields. The dynamo-generated currents peak at heights between 100 and 170 km owing to the large Pedersen and Hall conductivities at these altitudes. This altitude range is often termed the dynamo region. The dominant factors controlling the structure and strength of the Sq current system are therefore the neutral tidal winds and the conductivities in the dynamo region.
[4] The importance of tidal winds for the generation of the Sq current system has been established through various numerical modeling studies. In an effort to determine the tidal winds which primarily generate the Sq current system, Tarpley [1970] studied the relative importance of different diurnal and semidiurnal tides. It was found that the diurnal tidal winds can largely reproduce the observed current system and that the semidiurnal tide was of significantly less importance. Similar results concerning the relative importance of diurnal and semidiurnal tides were obtained by Stening [1969] . Using more realistic winds in the dynamo region, Forbes and Lindzen [1976] and Richmond et al. [1976] subsequently confirmed the importance of the diurnal winds; however, the semidiurnal tides were found to contribute up to 20% and thus cannot be considered insignificant. The importance of semidiurnal winds was further confirmed by Richmond and Roble [1987] , who found that the inclusion of realistic semidiurnal tides influenced both the shape and strength of the Sq current system.
[5] The influence of ionospheric conductivities on the wind dynamo has also been well studied using numerical models. Through modeling the Sq current system at solar maximum and minimum, Takeda et al. [1986] found that the associated changes in ionospheric conductivity result in variations in the total Sq current intensity that are greater than a factor of three. The ionospheric conductivity variation between solar maximum and minimum is related to changing solar flux. Related to variable insolation, the ionospheric conductivity also exhibits a seasonal variation with larger conductivities generally occurring in the summer hemisphere. (It is worth noting that greater F region electron densities associated with the ionospheric winter anomaly can result in larger F region conductivities in the winter hemisphere [Stening, 1977] , but the F region contributes relatively little to the total Sq current, which is dominated by E region currents). This seasonal variation in conductivity leads to a hemispheric asymmetry in the Sq current system with greater current intensities observed in the summer hemisphere. For a more detailed discussion on ionospheric conductivity and its variabilities, the interested reader is referred to the work of Richmond [1995a] .
[6] In addition to the aforementioned numerical modeling studies which have elucidated the mechanisms primarily responsible for generating the Sq current system, many observational studies have revealed its primary characteristics as well as variabilities. A comprehensive review of early studies of the Sq current system is provided by Chapman and Bartels [1940] . The dominant characteristics of the Sq current system are its seasonal and solar cycle variations. Owing to differences in conductivity and winds, the Sq current system is not hemispherically symmetric and this feature exhibits a marked seasonal variation with the current intensity in the summer hemisphere being greater than the current intensity in the winter hemisphere. The maximum total currents do, however, typically occur around equinox [Matsushita, 1967; Matsushita and Maeda, 1965; Takeda, 2002] . The overall strength of the Sq current system also exhibits significant solar cycle variability due to the proportional relationship between ionospheric conductance and solar flux. Observations have revealed that the current strength can be as much as three times greater for solar maximum compared to solar minimum [e.g., Campbell and Matsushita, 1982; Takeda, 2002] . In addition to long-term seasonal and solar cycle variability, significant day-to-day variability in the Sq current system exists [Hasegawa, 1960] . Such day-to-day variations may be related to changes in the tidal winds due to planetary wave activity [Pancheva et al., 2006] . Lastly, significant longitudinal variability in the Sq current system has been observed [Matsushita and Maeda, 1965; Matsushita, 1967] and modeled [Stening, 1971; Le Sager and Huang, 2002] . The longitudinal variation of the geomagnetic field was found to largely account for the observed longitudinal variability in the Sq current system [Stening, 1971] .
[7] Although there have been prior studies on the longitude variation of the Sq current system, limitations to these studies mean that the exact nature and cause of the longitudinal variability remain open questions. While modeling studies have clearly illustrated that the geomagnetic field is an important contributor to generating longitudinal variations in the Sq currents [Stening, 1971; Le Sager and Huang, 2002] , a full spectrum of migrating and nonmigrating tidal winds was not included in these simulations. It is therefore unclear to what extent the longitudinal variations in tidal winds that are introduced by nonmigrating tides influence the Sq current system. Furthermore, our present understanding of the longitudinal variation of the Sq current system is considered incomplete due to the inability to observe the Sq current system at all longitudes using ground-based geomagnetic observations. In recent years, the use of global satellite observations has led to vast improvements in the understanding of spatial variability in the equatorial electrojet and low-latitude ionosphere [e.g., Jadhav et al., 2002; Lühr et al., 2004; Doumouya and Cohen, 2004; England et al., 2006; Immel et al., 2006; Alken and Maus, 2007; Lühr et al., 2008] . Similarly, the use of satellite observations to study the spatial variability of the Sq current system is desirable in that it offers the opportunity to examine longitudinal variations without the inherent restrictions imposed by ground-based observations. In the present study we use observations from the Challenging Minisatellite Payload (CHAMP) satellite magnetometer in order to develop a comprehensive understanding of the longitudinal and seasonal variability of the Sq current system during the recent solar minimum. Potsdam (http://isdc.gfz-potsdam.de). As a result of atmospheric drag, the orbital altitude of the CHAMP satellite has decayed over the lifetime of the satellite and during 2006-2008 the orbital altitude ranged from roughly 320 to 360 km. The chosen time period can be considered as representative of solar minimum conditions and was selected due to the low levels of geomagnetic and solar activity. During this time period, the F10.7cm solar flux was low and relatively constant which is advantageous in that it allows us to neglect variations in the Sq current system associated with changing conductivities due to solar flux variations. Solar minimum conditions are also preferable for the study of vertical coupling between the ionosphere and the underlying atmosphere due to the enhanced vertical propagation of tides [e.g., Forbes and Garrett, 1979] . The enhanced vertical coupling afforded by solar minimum conditions enables a more distinct view of how nonmigrating tidal structures may contribute to longitude variations in the Sq current system.
Data and Methods
[9] The CHAMP vector magnetometer observations contain contributions from a number of sources, such as the main geomagnetic field, ring current, Sq currents and the equatorial electrojet. To remove the contributions that are not of interest for the present study (i.e., those not associated with the Sq current system), we first calculate residuals from the POMME6.1 geomagnetic field model [Maus et al., 2010] (http://geomag.org/models/pomme6.html). The POMME6.1 model accounts for the main geomagnetic field and its secular variation and acceleration. Fields of magnetospheric origin, and their solar cycle and geomagnetic activity variation, are also removed by the POMME6.1 model. The CHAMP vector magnetometer observations are in a geographic north, east, and vertical coordinate frame and all of the analysis is performed using the magnetic perturbations oriented with respect to the geographic coordinate frame. The residuals for geomagnetically quiet time periods (K p < 3) are binned in magnetic latitude, geographic longitude and universal time. The magnetic latitude is based on the quasi-dipole coordinates [Richmond, 1995b] and, to prevent contamination from auroral currents, only observations within ±60°magnetic latitude are considered. The bin sizes are 1°in magnetic latitude and 1 h in universal time. We use overlapping longitude bins that are spaced 15°in geographic longitude and are 20°wide. In determining the Sq current system, it is necessary to account for the satellite altitude and we assume a fixed height of 340 km for all of the observations. The binning is done every 10 days (i.e. days 0, 10, 20, … 350, 360) using a window of ±40 days. In the binning procedure the residuals from the years 2006 to 2008 are combined and any residuals outside of ±3s are removed to eliminate outliers. The ±40 day window is necessitated by the satellite sampling and allows for complete local time coverage when observations from the 3 years are combined.
Determination of Field-Aligned Currents
[10] Field-aligned and radial currents can contribute significantly to magnetic field observations at satellite altitudes and the perturbations associated with these currents are on the same order of magnitude as those associated with the Sq current system [Olsen, 1997] . At middle and high latitudes, field-aligned currents are approximately in the radial direction and under this assumption Olsen [1997] demonstrated that field-aligned currents introduce perturbations on the order of ±10-20 nT to the horizontal magnetic field at satellite altitudes. Lühr and Maus [2006] studied the lowlatitude radial currents using CHAMP vector magnetometer observations. They found that, near solar maximum, a meridional current system associated with the equatorial electrojet introduces perturbations to the magnetic field of roughly ±5 nT. The present analysis is for solar minimum conditions and the magnetic perturbations associated with radial currents will be less than observed in the aforementioned studies. Nonetheless, given the significant influence that radial currents have been shown to have on satellite magnetic field observations, it is necessary to remove this contribution to the CHAMP vector magnetometer observations. Under the simplification that the field-aligned currents are in the radial direction, the method of Olsen [1997] is used to estimate the field-aligned currents and is briefly described herein. The horizontal residual field can be decomposed into a toroidal (dB tor ) and poloidal (dB pol,horz ) part, such that
where r is the distance of the satellite to the Earth's center, R is the radius of the Earth, dB and dB l are the magnetic field residuals in the north-south and east-west directions, respectively, P n m (n) = P n m (cos) is the Schmidt normalized Legendre function, is magnetic colatitude, l is longitude and n m and y n m are the spherical harmonic coefficients to be estimated. The first term on the right hand side of (1) represents the toroidal magnetic field perturbation, dB tor , and is related to radial currents. Similarly, the second term on the right hand side of (1) represents the horizontal component of the poloidal magnetic field, dB pol,horz which is caused by toroidal currents. Note that we make the distinction that (1) includes the horizontal component of the poloidal magnetic field because the poloidal magnetic field also has a radial component; however, a similar distinction is not made for the toroidal magnetic field because it does not have a radial component.
[11] For each day and universal time bin, least squares analysis is performed to estimate the n m and y n m coefficients in (1). We estimate the n m and y n m coefficients for m = 0, 1,…6 and a maximum degree of n = 60. In estimating the coefficients, a regularization scheme is employed in order to dampen the higher-degree harmonics [Olsen, 1997; Marquardt, 1970] . Again following Olsen [1997] , we add a 2 (n) = a 0 2 n 6 to the diagonal elements of the normal equations and choose a 0 2 = 10 −5 . In estimating the n m and y n m coefficients, the various parameters in (1) are with respect to two separate coordinate systems. We use magnetic latitude and geographic longitude and the magnetic perturbations are aligned with respect to the geographic frame. This lack of consistency is likely to have some influence on the results, although it is thought that any impact will be relatively minor.
[12] Following the estimation of the n m and y n m coefficients for each day and universal time bin, in each magnetic latitude and geographic longitude bin, the north-south and east-west magnetic field perturbations associated with radial currents are removed. That is, we remove the contribution to the residual magnetic field observations that are due to dB tor . The resulting residuals only contain the poloidal field contributions which are due to toroidal currents and it is then possible to proceed with the estimation of the toroidal Sq current system as detailed in section 2.1.3. Note that, alternatively, the subsequent analysis of the toroidal Sq current system could be performed using the y n m coefficients. Since the least squares procedure is linear, the results obtained by estimating and removing dB tor and then estimating the toroidal Sq current system will be nearly identical (a slight difference may result due to the regularization scheme) to those obtained by estimating these simultaneously.
Determination of Sq Current System
[13] The residuals after removal of the main field model and the contribution from the radial currents should primarily contain contributions from the toroidal Sq current system. The resultant residuals are thus suitable for determination of the toroidal Sq currents and we employ the method of spherical harmonic analysis in order to obtain the toroidal Sq current system. Details concerning the calculation of the toroidal Sq current system using spherical harmonic analysis can be found in many previous studies [e.g., Chapman and Bartels, 1940; Matsushita, 1967; Winch, 1981] and are not repeated herein. However, the analysis using satellite magnetometer observations is slightly different than that used for ground-based observations as outlined in the aforementioned studies. In addition to accounting for the influence of radial currents on the magnetometer observations as previously discussed, it is necessary to take into consideration the altitude of the observations when estimating the equivalent current system. This is important to take into consideration since the CHAMP observations are above dynamo region where the toroidal Sq currents primarily flow. Assuming the toroidal Sq currents flow on a spherical shell at an altitude h, here taken to be 110 km, the potential function at altitudes r > R + h can be written as
where V int,ind is the potential due to induced currents internal to the Earth, V int,Sq is the potential due to the Sq current system and V ext is the external potential and is related to currents flowing in the magnetosphere. The corresponding spherical harmonic coefficients are a n m and b n m for V int,ind , c n m and d n m for V int,Sq and q n m and s n m for V ext . Because both V int,ind and V int,Sq are related to currents flowing below the satellite altitude it is not possible to separately estimate these terms from satellite data alone. In going from (2) to (3) we have thus introduced the assumption that Earth induced currents are directly proportional to the Sq currents. That is, we take that a n m = Q n c n m and b n m = Q n d n m . We further assume a simple conductivity model that consists of an infinite conductor internal to the Earth such that
, where c is the radius of the conducting shell and we take c = R − 600 km [e.g., Olsen et al., 2005; Chapman and Bartels, 1940] . Such a simple conductivity model is limited in that it does not account for any phase lag between the Sq and induced currents. Spatial variations in the conductance can also have a considerable influence on the induced currents [Kuvshinov et al., 2007] .
In (2) and (3), c n m and d n m are defined as the external coefficients at the Earth's surface associated with the toroidal Sq current. The À n nþ1 ÁÀ Rþh R Á 2n+1 term arises from how we define c n m and d n m and the condition that the gradient of the potential in the radial direction is continuous at an altitude of r = R + h [Langel et al., 1996] .
[14] Utilizing the fact that B = −rV, the residual magnetic perturbations can be used to estimate the spherical harmonic coefficients in (3). This is done in a manner similar to ground-based observations where the perturbation in the vertical direction is used to separate the contribution from internal and external currents. For the present study, a least squares fitting procedure is used to estimate the spherical harmonic coefficients and the magnetic residuals in the northsouth and east-west directions are fit simultaneously to estimate the spherical harmonic coefficients in (3). Separately fitting either the north-south or east-west perturbations generally yields similar results. However, these are not identical and can occasionally be rather different, indicating that our assumption that the magnetic perturbations can be wholly represented by a potential function is invalid. In the present study, the spherical harmonic analysis is performed for order m = 0, 1,…6 and for a maximum degree of n max = m + 9. Performing the analysis using higher-degree harmonics did not significantly influence the resultant Sq current systems and the results presented using the chosen n max represent all of the salient features. As the present study is concerned with longitudinal variations, the spherical harmonic coefficients are estimated separately for each longitude bin under the assumption that longitude and local time are equivalent in the spherical harmonic analysis. That is, in (3) we replace l with t LT , where t LT is the local time. Longitude and local time are not necessarily equivalent in (3); however, separate estimation of the Sq currents at fixed universal times yields similar results indicating that our assumption of longitude and local time equivalence in the analysis is valid. Following the estimation of the spherical harmonic coefficients, the c n m and d n m terms can be used to determine the equivalent current function using standard techniques [e.g., Chapman and Bartels, 1940; Matsushita, 1967] . In calculating the equivalent current function we again assume that the currents flow at an altitude of 110 km.
Ground Magnetometer Observations
[15] Ground-based magnetometers are utilized to provide a means for validating the Sq currents that are calculated from the CHAMP vector magnetometer observations. The Sq current system is determined based on a chain of magnetometers in the African/European longitude sector. The magnetometer data is provided by the National Geophysical Data Center (NGDC) Space Physics Interactive Data Resource (http://spidr.ngdc.noaa.gov/) and a listing of the observatories used is provided in Table 1 . It is worth noting that the geomagnetic observatory Addis Ababa (AAE) is located under the equatorial electrojet. Since the electrojet is a relatively strong and latitudinally narrow feature, inclusion of AAE in the analysis has the potential to introduce considerable error due to the inability of the ground magnetometer chain to fully resolve the equatorial electrojet. Analysis was also performed without AAE and yielded similar results indicating that the inclusion of a single station under the equatorial electrojet does not significantly influence the results presented herein.
[16] For consistency, we obtain the Sq current function from the ground-based magnetometer observations in the same manner as used for the CHAMP satellite vector magnetometer observations. We thus similarly combine the data from 2006 to 2008 and estimate the current function every 10 days using ±40 days of observations. Contribution from fields of magnetospheric origin are also removed from the ground-based observations using the POMME6.1 model. The effect of field-aligned currents on the equivalent external current function is relatively small [e.g., Richmond and Roble, 1987] and we thus neglect their contribution to the ground-based magnetic perturbations. We again perform the spherical harmonic analysis for order m = 0, 1, …6 and for a maximum degree of n max = m + 9. The typical methods for spherical harmonic analysis of ground-based observations as well as the separation into internal and external parts are applied and details on these computations can be found in previous works [e.g., Chapman and Bartels, 1940; Matsushita, 1967; Winch, 1981] . For ground-based observations, the toroidal Sq current system contributes to the external potential. In section 3 we thus present equivalent external current functions for the ground-based observations and again assume that the currents flow at a height of 110 km.
Similar to the analysis of the CHAMP observations, the ground-based analysis is carried out using magnetic perturbations oriented in a geographic frame and the northsouth and east-west perturbations are simultaneously fit in the spherical harmonic analysis.
Results and Discussion

Comparison Between CHAMP and Ground Magnetometer Observations: Seasonal Variation
[17] To confirm the viability of using the CHAMP vector magnetometer observations for determining the Sq current system, we first present the seasonal variation of the Sq current function based on CHAMP observations along with the current function derived from ground-based magnetometers. Figure 1 presents Sq current functions based on zonal mean CHAMP observations and those based on ground magnetometers during June (Figures 1a and 1b) and December (Figures 1c and 1d) solstices. Note that throughout the following discussions, it is important to remember that the results are based on ±40 days of observations and therefore the results for any time period (e.g., solstice or equinox) are reflective of conditions in the surrounding ±40 days. In general, the agreement between the current functions obtained using the different observations is good. The peak in the current functions during daytime are fairly similar and the latitude of the foci are also in agreement. There are, however, some differences that are worthy of discussion. First, we note that there are some slight differences in the absolute values of the current functions. This discrepancy is thought to be related to the fact that the CHAMP Sq currents presented in Figure 1 are zonal means and, as will be discussed later, there are significant longitudinal variations. It is not too surprising then that the zonal mean currents do not match those that are restricted to a specific longitude sector. This difference may also stem from the simple conductivity model used to account for the induced currents in the CHAMP observations. We also note that there is a slight phase difference between the two observations with the maximum in the daytime current function occurring earlier in ground-based data. This difference may again be related to the comparison of zonal mean observations with those from a restricted longitude zone. Although, in the present discussion we have elected to show the zonal mean CHAMP Sq current functions, results for the longitude sector that is similar to the longitude of the ground magnetic observatories will be presented in section 3.2, affording a more accurate comparison.
[18] The seasonal variation of the daytime Sq current system is presented in Figure 2 , where values of the current function at 1200 local time (LT) are shown as a function of latitude and day of year. We note that in the Southern Hemisphere the daytime current function is typically negative and an enhancement in the current will correspond to a decrease in the current function (i.e. it becomes more negative). Because minima in the Southern Hemisphere current function are related to enhanced currents, we will refer to Southern Hemisphere minima as maxima throughout the remainder of the text. In Figure 2 , we note that generally similar variations are observed in both the CHAMP and ground magnetometer current functions at 1200 LT. The slight differences may again be related to the fact that the CHAMP results are representative of the zonal mean while the groundbased magnetometers are restricted to the African/European longitude sector. A seasonal variation can clearly be observed in the values of the current function at 1200 LT presented in Figure 2 . A predominantly annual variation is observed in the Northern Hemisphere with the peak value occurring near the June solstice. The seasonal variation in the Southern Hemisphere is different and exhibits a primarily semiannual oscillation with maxima near the equinoxes. The seasonal variations observed in Figure 2 are generally consistent with prior studies. Campbell and Matsushita [1982] presented results for the seasonal variation in the Northern Hemisphere for solar maximum and solar minimum. They observed a primarily annual variation during solar minimum conditions and a semiannual variation during solar maximum. Takeda [2002] similarly observed a dominant semiannual variation during solar maximum. However, during solar minimum, Takeda [2002] observed an annual variation in the Northern Hemisphere and a semiannual variation in the Southern Hemisphere. This is consistent with our results which are representative of solar minimum conditions and provides further validation that the CHAMP vector magnetometer observations can reliably determine the global Sq current system.
[19] The results presented in Figure 2 also reveal the expected hemispheric asymmetry in the current function at 1200 LT. The hemispheric asymmetry is most apparent during Northern Hemisphere summer when considerably stronger currents are observed in the Northern Hemisphere. The latitude of the Northern Hemisphere focus also moves poleward during this time period. The observed hemispheric asymmetry during Northern Hemisphere summer is as expected based on theoretical considerations. Owing to increased insolation, the conductivities in the dynamo region are greater in the summer hemisphere and this results in the observed greater equivalent current functions in the summer hemisphere. Tidal winds can also contribute to the asymmetry in the Sq current function around solstice, specifically with regards to shifting of the focal latitude [Stening, 1969] . Around December solstice, the hemispheric asymmetry is small and is significantly less pronounced relative to the asymmetry that is observed around June solstice. This difference may be related to the semiannual variation in the Southern Hemisphere that was previously discussed. The semiannual variation in the Southern Hemisphere results in a hemispheric asymmetry near the equinoxes with greater peak daytime current function values in the Southern Hemisphere at these times. Lastly, we note that the observed hemispheric asymmetry is considerably less than the asymmetry observed in previous studies [e.g., Chapman and Bartels, 1940; Matsushita and Maeda, 1965; Takeda, 2002] . This discrepancy is thought to stem from the use of a ±40 day data window. Such a large data window is necessary due to the local time sampling of the CHAMP satellite; however, it has the potential to result in smoothing of the seasonal variations making them less pronounced.
Longitudinal Variations
[20] We now turn our attention to the variations in longitude of the Sq current system based on the CHAMP vector magnetometer observations. Figure 3 presents the Sq current function for each season (March equinox, June solstice, September equinox, and December solstice) and for the longitude bins centered at 37.5°and 232.5°geographic longitude. Prior to discussing the longitudinal differences it is worth noting that the Sq current functions at 37.5°lon-gitude during the solstices (Figures 3c and 3g) agree well with the ground-based magnetometer observations that are shown in Figures 1b and 1d . We note that the agreement between the two is slightly better when only considering the CHAMP observations at roughly the same longitude as the ground magnetometer observations. Thus, as discussed previously, some of the disagreement between the CHAMP and ground-based observations in Figures 1 and 2 is likely the result of using the zonal mean CHAMP observations. In Figure 3 , it is readily apparent that there are significant differences between the Sq current functions at the two longitudes that are shown. Around March equinox and June solstice, the peak in the current function at 37.5°longitude is notably greater than the current function maximum at 232.5°longitude. Interestingly, the opposite is true during December solstice and the maxima in the current functions are fairly similar during September equinox. Matsushita and Maeda [1965] previously studied the longitudinal inequalities in the Sq current system. However, a comprehensive comparison between our results and those of Matsushita and Maeda [1965] is complicated by the fact that their results are based on ground magnetometer observations in three different longitude zones and are for solar maximum conditions. Nonetheless, it is possible to make a rough comparison, and there are several similarities between the present results and those presented by Matsushita and Maeda [1965] . During June solstice, Matsushita and Maeda [1965] similarly observed greater peak values in the current function in the region around 37.5°geographic longitude compared to those around 232.5°longitude. Likewise, during December solstice they observed larger current function values in the Southern Hemisphere around 232.5°geographic longitude compared to 37.5°longitude; however, in the Northern Hemisphere, the peak in the current function was slightly greater near 37.5°longitude. Longitudinal variations resembling the observational results of Matsushita and Maeda [1965] have also been successfully modeled by Stening [1971] and the source of the longitudinal inequalities was attributed to longitudinal variations in the Earth's geomagnetic main field.
[21] To gain a more comprehensive understanding of the longitudinal variations, Figure 4 presents values of the current function at 1200 LT as a function of latitude and longitude for each season. As previously mentioned, since a minimum in the Southern Hemisphere in Figure 4 is related to enhanced Sq currents we will refer to these as maximum. Significant longitudinal variations can clearly be observed in With the exception of December solstice, a pronounced minimum in the current function at 1200 LT occurs between ∼180°and 250°geo-graphic longitude. In December, the minimum in the current function at 1200 LT is shifted and is located around 320°-360°geographic longitude. It should be noted that the observed minima and maxima in longitude are not related to movement of the maximum in the current function away from 1200 LT. Similar longitude variations are observed at other local times indicating that the longitude variations at 1200 LT are due to regions of enhanced or decreased current intensity. The observed seasonal variation of the longitude variations are roughly consistent with prior observations and modeling [e.g., Matsushita and Maeda, 1965; Stening, 1971] . The present observations do, however, reveal the longitudinal variations with an unprecedented clarity and are Figure 3 . Sq current functions derived from CHAMP magnetometer observations for geographic longitudes of (a, c, e, and g) 37.5°and (b, d, f, and h) 232.5°for the seasons indicated in each panel.
able to provide a more complete understanding of the longitudinal variations and their seasonal dependence. In particular, we note that although there tends to be a pronounced region of minimum in the current function, there are also several maxima in longitude. For example, around September equinox three maxima can clearly be identified near 0°, 120°a nd 300°in both the Northern and Southern Hemispheres.
[22] Several prior studies have investigated the longitudinal dependence of various ionospheric parameters such as the equatorial electrojet, vertical drifts and low-latitude ionospheric densities [e.g., Jadhav et al., 2002; Lühr et al., 2004; Alken and Maus, 2007; Kil et al., 2008; Doumouya and Cohen, 2004; Fejer et al., 2008; Lühr et al., 2008] . It is thus useful to briefly discuss our results of longitude variations in the Sq current function in the context of previous studies. Both Kil et al. [2008] and Fejer et al. [2008] presented the seasonal, longitudinal, and local time variation of ROCSAT-1 low-latitude vertical E × B drifts. A number of studies have also focused on the seasonal and longitude variation of the equatorial electrojet [Jadhav et al., 2002; Alken and Maus, 2007; Doumouya and Cohen, 2004; Lühr et al., 2008] . Although there are some minor differences in the location of the maxima in longitude, all of these studies have demonstrated that the equatorial electrojet exhibits generally similar seasonal and longitude variations as the low-latitude vertical E × B drifts. This correspondence is expected since the eastward electric field that drives the F region vertical drift and E region electrojet current is similar at both heights. Both the daytime vertical E × B drifts and equatorial electrojet exhibit a somewhat similar longitude and seasonal variability as the Sq current function at 1200 LT. In particular, at equinox the daytime vertical E × B drifts, equatorial electrojet, and Sq current function all exhibit maxima around ∼0°, ∼120°, and ∼280°g eographic longitude. However, the vertical drifts and equatorial electrojet also have a maximum near 180°geographic longitude that is not apparent in our results. The reason for this difference is not presently known. This difference may be related to the relative importance of different nonmigrating tides on introducing longitude variations in the low-latitude electric fields (which drive the vertical E × B drift and equatorial electrojet) and the Sq current function. That is, a nonmigrating tide that introduces longitude variability in the low-latitude electric fields may have less influence on the Sq currents. Additionally, the influence of the geomagnetic main field for producing longitude variations in the Sq current function and low-latitude electric field may be different. Controlled numerical modeling experiments are necessary in order to fully understand the causes of these observed differences.
[23] In order to further understanding of the seasonal and longitudinal variations, the amplitudes and phases of different longitudinal wave numbers are presented as a function of day of year in Figure 5 . The phase is defined as the longitude of maximum (or one of multiple maxima when s > 1) in the range of −60°to 300°/s, where s is the longitudinal wave number. The longitudinal wave numbers are calculated based on the average of the current function at 1200 LT between 15°and 45°magnetic latitude in each hemisphere. Results for the Northern Hemisphere and Southern Hemisphere amplitudes are shown in Figures 5a and 5b, respectively, and Southern Hemisphere phases are presented in Figure 5c (Northern Hemisphere phases are similar and not shown). Note that due to our definition of maximum in the Southern Hemisphere, and how the phase is defined, the Southern Hemisphere phases presented in Figure 5c are actually the longitude of the minimum in the current function. Similar features are observed in both hemispheres and the predominant feature is the wave 1 longitude variation that is observed in both hemispheres throughout Northern Hemisphere summer. This feature is associated with the reduction in the current function between ∼180°a nd 250°geographic longitude that was previously discussed. The phase of the wave 1 structure also exhibits a pronounced seasonal variation and the phase shifts by ∼240°t hroughout the year. During the remainder of the year, there is not a clearly dominant longitudinal structure and a mixture of longitudinal wave numbers is observed. However, we note that there is a slight preference toward a wave number 3 structure in longitude and this is most apparent during Northern Hemisphere winter. There is also a relatively large amplitude wave number 2 that occurs around the equinoxes in the Southern Hemisphere. A significant seasonal variation is also observed in the wave number 4 amplitude, particularly in the Northern Hemisphere. We further note that the phases of these features exhibit similar seasonal variations and are smoothly varying, indicating that these are not random features but are associated with a physical process. Aside from the wave 1 feature, the lack of a clearly dominant longitudinal wave number is thought to be related to the spacing between maxima. As noted previously, three distinct maxima are clearly observed in both hemispheres during September equinox (Figure 4c) . However, the maxima are not separated by 120°in longitude and are thus not a purely wave number 3 structure in longitude. The lack of clearly dominant wave structures is thought to be related to the effect of nonmigrating tides generating various longitude structures combined with longitudinal structures that may be introduced by the geomagnetic field and will be discussed in more detail later.
[24] As demonstrated in Figures 3-5, there is considerable longitudinal variability in the Sq current function and we now turn our attention to discussion of the possible mechanisms for producing the observed variations. The structure and strength of the the Sq current system is primarily controlled by the ionospheric conductivity and tidal winds. We may therefore surmise that the longitudinal differences are, in some manner, related to variations in conductivity or tidal winds or some combination of the two. Matsushita [1967] proposed that since the conductivity is dependent upon the geomagnetic main field strength longitudinal variations in the geomagnetic main field strength may introduce longitudinal differences in the Sq current function. Modeling results have further confirmed that variable conductivities associated with geomagnetic field variations can induce longitudinal variations in field-aligned currents that are related to longitudinal differences in the hemispheric asymmetry of the Sq current system [Stening, 1977] . We note that the observed minima around ∼180°geographic longitude in the Sq current function at 1200 LT corresponds roughly with the region of enhanced geomagnetic field strength. The reduction of the peak in the daytime current function in this region may be related to the reduced conductivities associated with the enhanced geomagnetic field. However, the influence of reduced conductivities related to enhanced geomagnetic field strength should be minimal due to the fact that the dynamo-generated currents are proportional to u × B, where u is the neutral wind and B is the geomagnetic field [e.g., Richmond, 1989] . Thus, we may expect the reduction in conductivities due to enhanced geomagnetic field strength to be largely offset by the u × B term in the equation for dynamo generation of currents. The geomagnetic field strength is therefore not thought to introduce significant longitudinal variability in the Sq current function. A second source of longitudinal variability associated with the geomagnetic field is the fact that the tidal wind system that drives the ionospheric wind dynamo is arranged in geographic coordinates while the ionospheric electric fields and currents are organized with respect to magnetic coordinates. As a result of this difference, the offset between the geographic and geomagnetic equators can introduce longitudinal variation in the Sq currents. Since the geomagnetic main field exhibits a primarily wave 1 variation in longitude, we consider the observed wave 1 longitudinal structure in the Sq current function to be partly driven by the geomagnetic main field. The seasonal variation of the wave 1 longitude structure may be related the seasonal variation of the tidal winds and the offset between the geomagnetic and geographic equators. However, this seasonal variation could also be related to the influence of nonmigrating tides as discussed below.
[25] In addition to the influence of the geomagnetic field, tidal winds in the dynamo region will impact the generation Sq currents. In particular, the effect of nonmigrating tides, which at a fixed local time exhibit variations in longitude, should be considered as a mechanism for producing the observed longitudinal variations in the Sq current function. Observational and modeling studies have clearly demonstrated the influence that nonmigrating tides have on producing longitudinal variations in equatorial electric fields, ionospheric densities and thermospheric winds [e.g., England et al., 2006; Lin et al, 2007; Hagan et al., 2007; Häusler et al., 2010] . It is, therefore, reasonable to presume that nonmigrating tides may play a significant role in producing longitudinal differences in the Sq current function. The wave 1 longitudinal structure in the Sq current function at 1200 LT that maximizes during Northern Hemisphere summer may be related to the diurnal tide with zonal wave number 0 (D0). We consider D0 as a potential source of the wave 1 feature owing to the fact that it achieves large amplitudes in Northern Hemisphere summer [Forbes et al., 2003; Oberheide et al., 2006] and also since it appears as a wave 1 structure in longitude when viewed at a fixed local time. However, D0 is not symmetric about the equator [e.g., Forbes et al., 2008] and modeling studies have demonstrated that symmetric tidal modes primarily establish the Sq current systems [Stening, 1969; Richmond et al., 1976] . Despite the dominance of symmetric modes, antisymmetric tidal winds still may play a role in modulating the global Sq current system [Stening, 1969] . This is particularly true during solstice conditions when, as a result of the seasonal variation of insolation, the conductivities are hemispherically asymmetric. Given that the seasonal variations of D0 match those of the wave 1 longitude variation in the Sq current function, we believe this to be a plausible mechanism for producing the observed wave 1 feature and its seasonal variation.
[26] In addition to the predominant wave 1 longitudinal structure, other longitudinal structures are observed in Figures 4 and 5 and may be related to the influence of nonmigrating tidal winds and/or the geomagnetic main field. Based only on our limited observations, it is difficult to clearly specify which nonmigrating tides may be responsible for introducing much of the longitudinal variability in the Sq current function. This is largely due to the fact that there is not a clearly dominant longitudinal structure aside from the wave 1 feature. It is likely that nonmigrating tides that produce different longitudinal variations along with the variations due to the geomagnetic main field combine in a manner such that a single longitude structure is not discernible. It is, however, clearly apparent from Figure 4 that significant longitudinal variability is present in the Sq cur-rent function and additional studies are necessitated to elucidate the role of various nonmigrating tides as well as the geomagnetic main field on producing these variations.
Conclusions
[27] A detailed description of the longitudinal and seasonal variation of the global Sq current system during solar minimum conditions is laid forth in the present paper. This has only been made possible by the use of satellite magnetic field observations to determine the Sq current function which affords an unprecedented spatial resolution. A primarily wave 1 feature in longitude in the Sq current function at 1200 LT is observed and exhibits large amplitudes during Northern Hemisphere summer. This longitudinal variation is attributed to the D0 nonmigrating tide and also the geomagnetic main field. The main geomagnetic field can introduce longitudinal variability due to conductivity differences and also due to the offset between the geographic and geomagnetic equators. Other longitudinal variations are also apparent; however, they do not exhibit a discernible longitudinal wave number. The lack of a dominant longitudinal structure may be related to the combined effect of longitudinal variations associated with various nonmigrating tides and those related to the geomagnetic main field.
[28] The exact cause of the longitudinal variations in the Sq current system remains an open question. Our results and prior modeling studies clearly demonstrate that the geomagnetic field plays a key role in generating longitudinal inequalities in the Sq current system. However, our results suggest additional longitudinal variability that may not be related to the geomagnetic field and these variations are thought to be related to the influence of nonmigrating tides. Controlled numerical modeling experiments are necessary in order to understand the role that various nonmigrating tides and the geomagnetic main field play in generating these longitudinal variations. Lastly, it is important to recognize the fact that the results presented herein are representative of solar minimum conditions and different longitudinal and seasonal variations may be present at solar maximum.
